SUMMARY: Adaptive patterns for a vibrio indicate that the oxidation of phenylalanine to homogentisic acid by this organism may proceed by two different pathways, one through phenylpyruvic and phenylacetic acids and the other through tyrosine and p-hydroxyphenylpyruvic acid. That the former pathway is used is confirmed by the isolation from metabolism fluids of the phenylhydrazone of phenylpyruvic acid. The vibrio does not appear to oxidize the side chains of phenylpropionic and phenylacetic acids before ring fission. The influence of cell suspension density on rates of oxidation of various highly polar compounds which may penetrate slowly into the cells has been studied.
The technique of simultaneous adaptation is of particular value in elucidating the pathways of bacterial oxidation of aromatic compounds (Stanier, 1947; Suda, Hayaishi & Oda, 1950 ; Karlsson & Barker, 1948) . These studies have been principally concerned with the breakdown of mandelic and benzoic acids, phenol and other compounds, but comprehensive studies of the oxidation of phenylpropionic acid, phenylacetic acid, tyrosine or phenylalanine have not been reported. I n the present work we measured rates of oxidation of some of the compounds whose presence in growing cultures of a vibrio has been claimed (Jones, Smith & Evans, 1952) and for those known to be of significance in mammalian metabolism.
METHODS AND MATERIALS
The organism used throughout this work was the vibrio 01 originally isolated by Happold & Key (1932) . It is capable of oxidizing various phenols, substituted benzoic acids and aromatic acids (Evans, 1947) .
The medium used was as follows: (NH,) ,SO,, 1 g.; KH,PO,, 2.5 g.;
MgCl,, 0.5 g.; FeCl,, 2 mg. made to 1 1. with glass-distilled water. The appropriate carbon source was added to give a final concentration of 0 . 0 1~ and the pH adjusted to 7.2. The addition of MgCl, was made aseptically after autoclaving. Cells able to metabolize the various carbon sources were obtained by at least three preliminary serial subcultures in the required medium which was aerated by a gentle stream of sterile air and incubated at 30°. The organisms were then harvested by centrifugation after overnight incubation of the cultures. Suspensions were prepared in 0.067 M-phosphate buffer (pH 7.0) after washing the cells twice with distilled water. Oxygen uptakes were measured using the Warburg apparatus. Experiments were conducted a t 30" in an atmosphere of air using 1-0 ml. of cell suspension and 1.4 ml. of 0.067~-phosphate buffer (pH 7.0); 0.4 ml. of 0 . 0 1~ substrate was usually added from the side arm; 0.2 ml. (10 yo) KOH was used in the centre well. I n all cases, the total volume of fluid in each flask was 3.0 ml.
The low solubility of tyrosine necessitated a modification of procedure ; 1.6 ml. of 0.0025~-tyrosine solution was placed in the flask and 0.5 ml. cell suspension added from the side arm.
Some of the materials used were not available commercially. Phenylpyruvic acid was synthesized as the sodium salt according to the method of Corson, Dodge, Harris & Hazen (1944) , and benzoylformic acid as described by Herbst & Shemin (1944).
RESULTS

Cell permeability to different substrates
Although P-ketoadipic acid has been shown to be an intermediate in the oxidation of mandelic acid by Pseudomomas JEuorescens (Stanier, Sleeper, Tsuchida & Macdonald, 1950) , and by vibrio 01 (Kilby, 1948 (Kilby, , 1951 , it is oxidized at a much slower rate than mandelic acid (Stanier, 1950) . Stanier has attributed this to the slow penetration of the highly polar P-ketoadipic acid through the cell membrane. Several of the compounds we investigated contain two or more polar groups, and the rate a t which they were oxidized was small. It was difficult to decide whether the initial rate of oxidation of these compounds was significantly greater than the endogenous oxygen uptake and hence to assess their roles as possible intermediates. This difficulty cannot well be overcome by increasing the substrate concentrations of compounds only available in very small quantities; alterations of the pH value of the mixtures over the range 6.5-8.0 were without significant effect on the oxidation rates. Variations in density of cell suspensions, however, resulted in disproportionate effects on rates of oxidation of the highly polar compounds relative to the rates for their assumed precursors. This effect is illustrated by the following figures for cis-cis muconic acid, which was claimed by to be an intermediate in the oxidative breakdown of mandelic acid. With 5 mg. dry-weight cellslflask grown on mandelic acid medium, the initial rates of oxygen uptake were 13.9, 1.2 and 0.35 pl./min. for mandelic acid, cis-cis muconic acid and cells in the absence of substrate, respectively. When the cell density was increased to 20 mg. dry weight/flask the corresponding values were 15-5, 5.9 and 1.8 pl./min., showing a fivefold increase for the rate of oxidation of cis-cis muconic acid and for the endogenous respiration, and only a 1 0 % increase for mandelic acid. Therefore, whenever a result was difficult to interpret on account of a low oxidation rate, the work was repeated using higher cell densities.
Comparison of rates of oxidation of various substrates by cells grown on phenylalanine, tyrosine and phenylpyruvic acid Fig. 1 shows the influence of the nature of the carbon source utilized in the growth medium on the ability of the washed cells to oxidize certain compounds. Phenylalanine-grown cells oxidized phenylpyruvic and phenylacetic acids at approximately the same rate as phenylalanine. Tyrosine-grown cells, however, did not readily oxidize these substrates ; for phenylpyruvate an adaptive curve was obtained, and for phenylacetate a curve indistinguishable from the Bacterial oxidation of aromatic compounds 3 autorespiration. This suggests that phenylpyruvic and phenylacetic acids may be intermediates in the oxidation of phenylalanine but not of tyrosine. The complete adaptation of phenylpyruvic acid-grown cells to phenylacetic acid (Fig. 1) is consistent with this suggestion. Cells grown on phenylalanine were fully adapted to tyrosine but the reverse was not true. Benzoic acid does not appear to be an important intermediate in the oxidation of phenylalanine by the vibrio 01, since the curve (Fig. l a ) Stanier (1947 Stanier ( , 1950 found that cells grown on a mandelic acid medium were fully adapted to benzoylformic and benzoic acids, whilst those grown on phenylacetic acid were not. I n the present work we obtained similar results with cells of vibrio 01; cells grown on phenylacetic acid were not adapted to benzoylformic acid. Similarly, we obtained no evidence that the side chain of phenylpropionic acid was attacked prior to ring fission, since cells grown at the expense of this compound were unable to oxidize phenylpyruvic, phenylacetic or benzoic acids without adaptation. 
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Comparison of rates of oxidation of highly polar compounds by cells grown on tyrosine, phenylalanine and phenylacetic acid The necessity for using denser cell suspensions with highly polar substrates has already been discussed. The use of suspensions of tyrosine-grown cells of approximately the same density as in previous experiments did not permit definite conclusions as to the oxidation of p-hydroxyphenylpyruvic, homogentisic and p-hydroxyphenylacetic acids, since the curves differed only slightly from that for autorespiration. When the cell density was increased threefold (c. 15 mg. dry weight/flask), p-hydroxyphenylpyruvic acid was readily oxidized and homogentisic acid was oxidized at a linear but much slower rate (Fig. 2a) . Towards the conclusion of this work, we learnt that Jones et al. (1952) had found that cells grown on tyrosine media were completely adapted to oxidize homogentisic acid. Using p-hydroxyphenylacetic acid, the initial rate of oxygen uptake was low but when the experiment was continued for a period longer than 40 min. the rate increased and an adaptive curve was obtained (Fig. 3) . Using strong suspensions (approximately 15 mg. dry weight/flask) of cells grown on phenylalanine medium, p-hydroxyphenylpyruvic and homogentisic acids were readily oxidized (Fig. 2b) . Adaptive curves were obtained using p-hydroxybenzoic and p-hydroxyphenylacetic acids (Fig. 3) . Suspensions of phenylacetate-grown cells of similar density were completely adapted to homogentisic acid but not to p-hydroxybenzoic or p-hydroxyphenylacetic acids.
Isolation of phenylpyruvic acid phenylhydrazone from metabolism Jluid Each of ten 100 ml. batches of a 1 % solution of DL-phenylalanine in phosphate buffer (pH 7.1) was aerated at 30" with c. 400 mg. dry weight of washed cells. The total quantity of cells (c. 4 g. dry weight) for this experiment was harvested from ten 1 1. batches of phenylalanine medium separately aerated and incubated at 30". Addition of ferric chloride solution to samples withdrawn at intervals gave a green colour characteristic of phenylpyruvic acid. Aeration was continued until maximum coloration was produced, when the suspensions were centrifuged, Seitz-filtered and the filtrate concentrated at 37" in vacuo. After acidification and addition of phenylhydrazine hydrochloride in sodium acetate solution, a pale yellow precipitate was obtained which after recrystallization from an ethanol + water mixture, melted a t 155", alone or admixed with the phenylhydrazone of authentic phenylpyruvic acid. Analysis (Drs Weiler and Straws, Oxford) gave: C, 70.9; N, 10.7; H, 5.9; C,5H,,0,N, requires C, 70.9; N, 11-0; H, 5.5.
DISCUSSION
The results shown in Fig. 1 are compatible with an oxidation pathway of phenylalanine by way of phenylpyruvic and phenylacetic acids ; this suggestion is confirmed by our observation of the formation of phenylpyruvic acid from phenylalanine by suspensions of the vibrio. Since these cells are also completely adapted to oxidize tyrosine, while cells from tyrosine medium are not adapted to phenylalanine, an alternative pathway for the oxidation of the latter by way of tyrosine is also possible. This second route was suggested by Evans, Smith, Linstead & Elvidge (1951) and is supported by our observations (Fig. 2) that cells grown on phenylalanine and tyrosine media are both simultaneously adapted to p-hydroxyphenylpyruvic acid, in contrast to the behaviour of tyrosine-grown cells towards phenylpyruvic acid. These alternative routes are summarized below :
The detection of phenylpyruvic acid during oxidation of phenylalanine by the vibrio and isolation of the phenylhydrazone, uncontaminated with p-hydroxyphenylpyruvic phenylhydrazone, is some indication that oxidative deamination of the amino-acid constitutes the main pathway in the vibrio rather than tyrosine formation as postulated by Evans et at?. (1951) for this vibrio and for Ps. Jluorescens.
The suggestion of p-hydroxyphenylacetic acid as a precursor of homogentisic acid is not supported by our results with vibrio 01 since neither tyrosine-grown nor phenylacetate-grown cells were adapted to p-hydroxyphenylacetic acid. The above scheme for the oxidation of phenylalanine to homogentisic acid by way of tyrosine is similar to that postulated for mammalian metabolism (Rimington, 1950) . Kluyver & van Zijp (1951) demonstrated the production of homogentisic acid from phenylacetic acid by AspergiZZus niger. Jones et aZ. (1952) showed chromatographically the presence of the following substances in the culture Auid of this vibrio, and of strains of Ps. Jluorescens growing at the expense of tyrosine : homogentisic, p-hydroxyphenylpyruvic, p-hydroxyphenylacetic and p-hydroxybenzoic acids, They also showed that cells grown on tyrosine media were completely adapted to oxidize homogentisic acid. The present evidence indicates that p -hydroxybenzoic acid is not an important intermediate in the oxidation of phenylalanine, tyrosine or phenylacetic by vibrio 01; and vibrios from tyrosine or phenylacetate media are not simultaneously adapted to p-hydroxyphenylacetic acid. It is possible that substances found in growing cultures which do not satisfy the simultaneous adaptation criteria as intermediates may be end products rather than oxidative intermediates, or their presence may indicate the existence of a shunt mechanism (Happold, 1950) . Whilst the present work shows the value of applying adaptation criteria alongside attempts to isolate intermediates, it also emphasizes that measurements of oxygen uptake for highly polar substrates must be interpreted with particular caution.
Experiments with phenylpropionic and phenylacetic acids show that ring fission by vibrio 01 does not precede degradation of the side chain. When, however, there is a substituent in the latter, as in phenylalanine, tyrosine, phenylpyruvic acid or mandelic acid, the side chain is the first to undergo attack.
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